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Introduction
During the last decade, polymeric microporous materials have been a topic of growing interest, because of their potential for applications in gas separation membranes, sorption resins, chromatographic materials and gas storage media. Among those materials, a new class of soluble rigid ladder-type polydibenzodioxanes having sites of contortion, referred to by the inventors Budd et al. and McKeown et al. as polymers of intrinsic microporosity (PIMs), are recently attracting significant attention. [1, 2, 3, 4, 5] The PIM materials have some significant advantages, such as good processibility, a broad range of physical properties, potential for introducing functionality onto the polymer chain and high gas permeability combined with a moderate selectivity, for membranebased gas separations. Typically, PIMs are prepared by aromatic nucleophilic polycondensation of tetraphenol monomers having contorted centers with tetrahalogenated monomers, to generate ladder-type chain structures. However, relatively few of these monomers have been found suitable for providing high molecular weight homopolymers and copolymers, due to their unique structures or reactivities [6, 7, 8, 9, 10, 11] .
As a viable alternative to the design of new monomers, there are several approaches to access structurally new PIM materials yielding new properties, for example, (1) post-modifying PIMs, [12, 13, 14, 15] (2) copolymerizing PIMs [16] or (3) crosslinking PIMs. [14] In our recent work, we reported a controlled [2 + 3] cycloaddition reaction (click reaction) between an inorganic azide and the nitrile groups on PIM-1, the most well-known and reported PIM-type material (Scheme 1). The reaction resulted in PIMs containing tetrazole groups (TZ-PIM), as well as unreacted nitrile groups, depending on the intended extent of conversion. [13] In the present work, the data obtained from the MTZ-PIMs allows a more detailed investigation of the relationship between degree of conversion from nitrile to tetrazole groups for different reaction conditions, as well as new information about the structure of the substituted tetrazole group. In our previous work, dense films of TZ-PIM became too brittle to be handled for gas separation testing when the degree of conversion was above 70%, because of hydrogen bonding.
thereby improving the mechanical properties of the membrane. Here we report the synthesis of MTZ100-PIM, having 100% conversion to methyltetrazole from the nitrilecontaining PIM-1, its structural characterization and gas transport properties.
Scheme 1.
Reaction scheme for the [2 + 3] cycloaddition reaction and complete conversion of PIM-1 to methylated tetrazole MTZ100-PIM. Tetrafluoroterephthalonitrile (TFTPN, Matrix Scientific) was purified by vacuum sublimation at 150°C under inert atmosphere.
Experimental Section

Materials
Characterization Methods
The structures of the polymeric materials were fully characterized using nuclear magnetic resonance (NMR) spectroscopy. NMR analyses were recorded on a Varian
Unity Inova spectrometer at a resonance frequency of 399. 
Preparation of Methyltetrazole-Containing PIMs (MTZ-PIMs)
Synthesis of the PIM-1 starting material (M n of 58,000 Da and PDI of 5.0) was as previously described [8] , from which several samples of TZ-PIMs were prepared according to [13] . In two flasks, light yellow PIM-1 was dissolved in DMAc ( 
Dense Film fabrication
Dense polymer films for gas permeability measurements were prepared from 1-2 wt% solutions of PIM-1 or MTZ100-PIM in chloroform. Solutions of PIM-1 and MTZ-PIM were filtered through 0.45 μm polypropylene filters. PIM-1 solutions were poured into glass Petri dishes in a glove box at room temperature and allowed to evaporate slowly for 1 day at room temperature to provide films. MTZ-PIM solutions were poured into Teflon Petri dishes in a glove box and allowed to evaporate slowly for 1 day at 60
°C. The resulting dense-film membranes were subjected to the same post-treatment protocol. The membranes were first boiled in water (containing a few drops of HCl, pH = 5-6). After several washes in water, the membranes were soaked in methanol and dried at 100°C for 24 h, in a vacuum oven connected to a liquid nitrogen trap. The resulting flexible membranes had thickness in the range of 70-90 μm and were bright yellow (for PIM-1) or light brown yellow (for MTZ-PIM). Compared to its precursor (TZ-PIM), MTZ100-PIM films could be readily cast and were more flexible, possibly due to a reduction in hydrogen bonding interactions. 
Results and discussion
Although [2 + 3] cycloaddition chemistry has been known for many years, particularly between azide and ethynyl compounds, it underwent a renaissance with the discovery of the catalyzed reaction, becoming commonly referred to as 'click chemistry' on account of its rapid and quantitative nature. [2 + 3] Cycloaddition chemistry has been utilized for the construction and functionalization of polymeric materials. [17] . In the present work, two reaction conditions using different reagent ratios were investigated for the conversion of the nitrile group of PIM-1 to tetrazole, by reaction with an inorganic azide. The [2 + 3] cycloaddition reaction between an azide and a nitrile is far less commonly reported than that between an azide and an ethynyl compound. The PIM-1 obtained using an optimized polycondensation process and used as the starting material was gel-free and had a high molecular weight (M n = 58,000, PDI = 5.0). [8] The polymer products of the reaction contain tetrazole groups, resulting in strong inter-chain hydrogen bonding interactions. These interactions led to solution gelation in polar solvents containing trace amounts of water, and consequently poor or imprecise 1 H and 13 C NMR spectra. Additionally, the degree of nitrile to tetrazole conversion using other methods, such as elemental analysis, was complicated by the strong adsorption of water by TZ-PIM. However, hydrogen bonding interactions can be suppressed by addition of a methyl group onto each tetrazole unit. The degree of conversion was more accurately obtained by calculating the amount of hydrogen on methyl tetrazole groups in the 1 H NMR spectrum. As shown in Figure 1 , the reaction rate for the cycloaddition was increased by increasing the amount of ZnCl 2 catalyst. In the reaction system containing the lesser amount of catalyst, using a molar equiv. ratio of -CN : ZnCl 2 of 1 : 2 resulted in 74% of the -CN being converted into tetrazole groups after eight days. With a higher a molar equiv. ratio of -CN : ZnCl 2 of 1 : 4, full conversion to tetrazole was achieved after 8 days, and the resulting fully methylated tetrazole derivative is denoted MTZ100-PIM. As shown in Table 1 , the molecular weight of MTZ100-PIM was reduced from 58,000 for PIM-1 to 34,000 Da, which implied either that chain scission was minor during 8 days of the [2 + 3] cycloaddition reaction, or that it was a consequence of solution behavior in the GPC measurements. However, the molecular weight of MTZ100-PIM was sufficient for casting robust and flexble membranes. which implies that the nitrile groups were converted into tetrazole groups. [18] It is notable there are additional small bands near 1510 cm -1 , which are due to the C=N stretching vibrations [19] , characteristic of a tetrazole ring. A comparison of the FTIR absorption bands suggest that nitrile groups were completely converted into tetrazole groups in MTZ100-PIM.
The PIM-1 and MTZ100-PIM were fully characterized by 1 H, 13 C and 19 F NMR spectroscopy. Carbon NMR was particularly useful as there are many quaternary carbon atoms and few hydrogen atoms on the functionalized portion of these polymers.
Comparative 1 H NMR spectra of PIM-1 and MTZ100-PIM are displayed in Fig. 3 , while the 13 C NMR spectrum of MTZ100-PIM is displayed in Fig. 4 . The aliphatic and aromatic hydrogen signals of PIM-1 were previously assigned [13] .
The presence of new signals was noted in both 1 H and 13 C NMR spectra of MTZ100-PIM when compared with PIM-1 spectra. The proton spectrum had two new multiplets, both having intensities of 3H when compared with the 12H of the main chain four CH 3 groups; this ratio of exactly 6H : 12H indicated a full conversion of nitrile groups to methyltetrazole. However, the presence of two multiplets indicated the presence of more than one type of methyl tetrazole. The chemical shift displacements of the two new multiplets between 4.0 and 4.6 ppm (Fig. 3 B) is in concordance with methyl protons under the combined influence of an electron withdrawing heteroatom (N) and an anisotropic aromatic ring effect from the tetrazole moiety. The results from the carbon spectrum (Fig. 4) confirmed the presence of methyl groups attached onto two different nitrogen atoms of the tetrazole rings: 1-methyl or 2-methyl, as elucidated from the proton spectrum. When compared to the PIM-1 13 C NMR spectrum, the MTZ100-PIM spectrum had two new signals in the aliphatic region (34 and 40 ppm). These two signals showed providing fast relaxation of the energy of thermal excitation of heterocycles. [20] Figure 5 shows that under nitrogen purge and with a heating rate of 10 °C/min, the decomposition of MTZ100-PIM was accompanied by three stages, whereas TZ-PIM only showed two stages of decomposition. propose a plausible degradation process to explain the three-step degradation curve for the MTZ groups. It is known that the 2-alkyl-form tetrazole is less thermostable than the 1-alkyl-form tetrazole, because N 2 readily splits off, resulting in nitrilimine formation during the initial stage of decomposition. [20] It is also known that alkyl-form tetrazoles split off into alkyl azide during the thermolysis of 1-alkyl-form tetrazole, but rarely in the case of 2-alkyl-form. [20] We observed a strong MS signal for m/e 57, which is present only during the 2 nd degradation step and which could originate from methyl azide groups.
We therefore suggest that the first stage of decomposition was mainly due to decomposition of the 2-methyl-form tetrazole of MTZ100-PIM into N 2 gas, and then the residue of 2-methyl-form tetrazole continued to decompose; while the 1-methyl-form tetrazole started to decompose during the second stage by releasing methyl-azide first, and then the residue of 1-methyl-form tetrazole decomposed to release N 2 . The experimental total weight loss value (~14.2 %) for MTZ100-PIM during the first two decomposition steps was in good agreement with the ~14.8% calculated weight loss expected from methyl tetrazole decomposition. The first two MTZ decomposition steps in the TGA-MS showed 1-methyl tetrazole and 2-methyl tetrazole is a 1:1 ratio in MTZ100-PIM. The weight loss from these two different tetrazole rings was consistent with the 1 H-NMR result showing a ratio of 1:1 for the tetrazole rings. Although MTZ100-PIM is less thermally stable when compared with PIM-1, it shows sufficiently high thermal stability for application as a polymeric material in membrane gas separation.
The solubility of the MTZ100-PIM is distinctly different from its tetrazole precursor. PIM-1 is readily soluble in THF, CH 2 Cl 2 and CHCl 3 , but insoluble in polar aprotic solvents such as dimethylformamide (DMF) and DMAc. After complete conversion to tetrazole (TZ100-PIM) by [2 + 3] cycloaddition reaction at 120 °C for 8 days, the resulting polymer was no longer soluble in CH 2 Cl 2 and CHCl 3 , but became soluble in polar aprotic solvents such as DMF and DMAc. After methylation, MTZ100-PIM was readily soluble in non-polar and polar aprotic solvents, indicating that the MTZ100-PIM has excellent solvent processability.
Gas permeabilities and selectivities of MTZ100-PIM, PIM-1 and TZPIM2 [13] are similar to those observed for many glassy or rubbery polymers: higher permeability is gained at the cost of lower selectivity and vice versa, as expected from the experimental and theoretical upper bounds for permanent gases [21] . Mixed-gas for CO 2 /N 2 and pure-gas permeability coefficients (P) for O 2 , N 2 , and CO 2 were measured on dense films of PIM-1 and MTZ100-PIM. A summary of the P values and ideal selectivities for various gas pairs is shown in Table 2 . Gas permeability and selectivity of PIM-1 are known to be very sensitive to film preparation conditions and post-treatment protocols [22] . Since PIM-1 was treated by the same post-treatment protocol as MTZ100-PIM, there is variation between previously reported permeability data and the present data for PIM-1, as shown in Table 2 . Ideal selectivity α = (P a )/(P b ).
Figure 6
Pure gas permeabilities and selectivities of MTZ100-PIM and PIM-1 for the CO 2 / N 2 gas pair (PIM-1-○ hollow circles and MTZ100-PIM-• solid circles).
Mixed-gas data are shown for illustrative and comparative purposes only, since mixedgas data are not strictly applicable to the Robeson plot.
MTZ100-PIM exhibited pure gas pair selectivity for O 2 /N 2 and CO 2 /N 2 higher than PIM-1, with lower permeability observed ( Table 2 ). The O 2 /N 2 selectivities combined with permeabilities for both PIM-1 and MTZ100-PIM are close to the Robeson upper bound (2008), 21 with the expected "trade-off" behavior as shown in Table 2 . The CO 2 /N 2 Robeson upper bound in Figure 6 shows selected literature data compared with this work. The upper bound may be considered to represent the "best" materials where the trade-off between selectivity and permeability is ideal, That is to say, if the permeability of a material decreases then the best expected increase in selectivity would be predicted by the slope of the upper bound. Materials along the upper bound, while having different permeability and selectivity may be considered to have similar overall performance. The trade-off between selectivity and permeability for CO 2 /N 2 for the PIM-1 and MTZ100-PIM membranes, nearly matches the upper bound slope; a line between the two data points is parallel to the upper bound. Hence, MTZ100-PIM membrane material has the same permeability-selectivity performance as PIM-1, but has significantly higher CO 2 /N 2 selectivity.
The pure and mixed gas behavior with CO 2 and N 2 were strikingly different. For example, the ideal (pure gas) CO 2 /N 2 selectivity for PIM-1 was 12.3, while the average mixed gas selectivity was 28.3, with a standard deviation of 2.1. The corresponding ideal gas selectivity of MTZ100-PIM was 22.2, higher than PIM-1, while the averaged mixed gas selectivity (40.1 ± 1.3) was significantly higher compared to the pure gas selectivity.
This "enhanced selectivity" for mixed gas is the result of a slightly higher CO 2 mixed gas permeability, but primarily due to a suppression of the N 2 permeability. The mixed gas permeance of N 2 (averaged for the three different feed concentrations) was only 54% and 73% of the pure gas values for PIM-1 and MTZ100-PIM respectively. This behavior, previously observed for hydrocarbon/light gas separations [23, 24] and for the TZ-PIM precursor [13] , has been attributed to the condensable gas (hydrocarbon or CO 2 ) strongly occupying CO 2 sorption sites and excluding the sorption and/or passage of the noncondensable light gas, N 2 .
Conclusions
A polymer of intrinsic microporosity containing nitrile groups (PIM-1) was sequentially modified by [2 + 3] cycloaddition with azide to provide a tetrazole-containing polymer, and then converted to a methyl tetrazole polymer (MTZ-PIM). The MTZ100-PIM had markedly better solubility in non-protic and protic solvents than its tetrazole precusor, and maintained good processibility. The preparation of the highly soluble MTZ-PIM derivative allowed a detailed investigation of the cycloaddition reaction. The degree of conversion of nitrile group to tetrazole on PIM-1 was correlated with the reaction conditions; a polymer fully-substituted with methyl tetrazole rings could be obtained after and N 2 showed that MTZ100-PIM had performance significantly exceeding the 2008
Robeson upper-bound limit, suggesting it may provide a material useful for the fabrication of asymmetric or thin film composite membranes for gas separation.
